I. INTRODUCTION
Transients in electrical systems occur due to sudden changes in the circuit conditions. Such changes can be the result of the abrupt appearance of external energy or release of internally stored energy due to lightning strikes or switching operations, respectively. These phenomena are inevitable; thus, they should be considered in insulation coordination both in high voltage alternating current (HVAC) and high voltage direct current (HVDC) systems [1] . Conventionally, polymeric cables have been used in voltage source converter (VSC) schemes, hence, these cables would not be expected to experience normal polarity reversal (e.g. for power exchange) and they are mostly terminated in converter stations at both ends. However with the advancement in HVDC cable technology and motivation towards using environmentally friendly materials, polymeric cables are also used in line commutated converter (LCC) schemes [2] . Nevertheless, polymeric cables still suffer from space charge accumulation (due to manufacturing imperfections and the natural interaction of the DC field with the insulation material) even under the influence of systematic operations such as load cycling or polarity reversal (in LCC schemes). This could result in locally enhanced electric fields within the insulation that might affect its electrical strength. Furthermore, in the case of transient overvoltages, the superposition of an opposite-polarity voltage could result in transient polarity reversal. The Laplacian field of such externally introduced sources in association with the Poisson field resulting from the accumulated space charges could lead to a locally enhanced net electric field beyond the insulation breakdown field, affecting the insulation integrity [3, 4] . The latter case could occur in cable based HVDC systems or hybrid configurations involving overhead lines and buried (underground or submarine) cables. Abrupt changes in the circuit conditions on one side could impact the other side. Therefore, the overvoltages occurring in the AC side could transfer to the DC side through interfacing apparatus (e.g. converter transformers) where transients are more threatening to insulation integrity [5] .
The effect of transients on insulation, particularly partial discharge activity within the cable under AC regimes has been thoroughly investigated and the phenomenon is well understood [6] [7] [8] . However, less research has been devoted to the transient effects on PD occurring in solid dielectrics under DC fields, particularly polarity reversal and DC superimposed with transient overvoltages. So in this study the effects of such incidents (of external and internal origin) will be investigated based on empirical observation in range of experiments that have been conducted under laboratory conditions on well-defined insulation defect samples.
II. TRANSIENTS IN HVDC SYSTEMS
Transients occur in power systems due to the influence of external or internal sources. Lightning strikes are a major external cause of transient overvoltages that over-stress the insulation system, leading to potential failures. Lighting incidents can hit a main pole directly or strike adjacent equipment leading to induced overvoltages on the main pole. This rarely happens in underground cable systems, but the increasing trends towards HVDC transmission in offshore interlinks increase its likelihood [9] . Additionally, a lightning strike can hit the DC side directly or be transferred from the AC side of the overhead transmission lines through the 978-1-5090-4650-8/16/$31.00 ©2016 IEEE converter transformer to the DC side [10] , over-stressing the interlinked cable systems to a greater or lesser degree depending on the transient magnitude and impingement time. For insulation testing and analysis purposes, a lightning impulse voltage wave characteristic (front-time/tail-time) is generally considered to be 1.2/50 µsec [11] .
The second category of transients originates from the power systems themselves: switching impulses, converter disturbances [12] and bushing flashover of converter transforms [13] . Switching impulses could occur due to circuit breaker operation (protection) or as result of power system response to load rejection. According to IEC 60060-1 the waveform characteristic (front time/tail time) of 250/2500 µs should be employed to simulate such transients for equipment withstand tests [14] . Transient overvoltages due to converter disturbances are: malfunction of valves (misfire or firethrough) as a result of failures in converter control or valve firing circuits which leads to voltage oscillations on the DC side; commutation failure (single or double) could appear due to changing conditions in AC side (e.g. voltage sags) and DC side (e.g. high current) in association with controlling circuitry which produce transient voltage reversal on the DC side. Furthermore, transient overvoltage might be induced due to pole-to-ground faults occurring in a symmetrical monopole or in a bipole configuration. The magnitude and time duration of such overvoltages depend on the grounding scheme of the HVDC system [15] [16] [17] .
These overvoltages could superimpose the DC side voltage in both cases: either in the same polarity as the DC link or in the opposite polarity. Fig. 1 shows the two cases of superimposed overvoltages [3] . The electric field resulting from this overstress in association with the field caused by the space charge already built up in the cable insulation (particularly polymeric cables) can lead to increased or decreased net electric field depending on the type of the space charge (homocharges or hetrorocharges [18] ). In the case of increased net field, the cable insulation could face breakdown [3, 19] . 
III. TEST SETUP AND PROCEDURE
The PD test setup comprising HV supply, control system and measurement circuit is shown in Fig. 2 . The test waveforms, polarity reversal and DC superimposed with switching impulses, were generated in a stand-alone PC running LabVIEW and a programmable arbitrary signal generator, respectively. These waveforms were then fed into a high voltage amplifier (HV Amp) through an interfacing data acquisition (DAQ) card. The amplifier's output was connected to a test sample (a void of 0.95 mm in diameter embedded in a slab of epoxy resin with 4 mm thickness). The voltage gain of the amplifier is 3000V/V, which is capable of generating a maximum voltage of 30 kV in both polarities (±30 kV). In order to detect PD pulse current signals, an HFCT sensor was clamped around the ground wire of the test sample. The sensitivity of the HFCT was 4.3 mV/mA ±5% in the frequency range 200 kHz -19 MHz. The output of the HFCT sensor was connected to a digital oscilloscope through a coaxial cable for data acquisition. The oscilloscope (LeCroy 7300) has a bandwidth of 3 GHz and a maximum sampling rate of 20 GS/s.
IV. EXPERIMENTAL

A. PD Activity Under Operational Polarity Reversal
Polarity reversals occur in the system depending on the type of HVDC link. An interconnector between countries normally delivers power in one direction for long periods, months or years, e.g. the 2000MW UK -France link. Others, such as the UK -Ireland link typically reverse power flow once per day. A link embedded within a synchronous AC network may have more power reversals per day. Generally, the transition time between the polarities takes about one second. In order to investigate the influence of polarity reversal transition of HVDC fields on PD activity within the prepared solid insulation test sample, the steady state DC level of the applied test voltages were specified to be lower than the PD inception level of the sample, and the transition time between the polarities was set to one second. Figs. 3 and  4 illustrate the PD signals that were measured under polarity reversal from negative to positive and positive to negative, respectively. According to the results presented in Figs. 3 and 4 , there is no PD occurrence before polarity reversal since the applied voltages both in negative and positive polarities were lower than the PD inception voltage. However, PD pulses appear at the zero crossing point of the applied test waveform. This phenomenon might be explained thusly: Under AC voltage, the electric field distributes capacitively within a solid dielectric, which is highly dependent on the permittivity ε of the insulation, but under steady state DC voltage the field distribution is governed by the conductivity of the insulation which itself depends on temperature and electric field gradients [20] . However, under transient voltages, the electric field distribution has a quasi-capacitive behaviour, i.e. the waveform variation affects the electric field distribution [3, 21] . Second, due to steadiness and unipolarity of the voltage before the polarity reversal occurs, the unipolar DC field contributes to space charge built up within the insulation due to non-homogeneity of the insulation material and unidirectional electric field. Therefore, when a polarity reversal occurs the abrupt change in the voltage and the field due to the already built-up space charge lead to an enhanced net electric field that initiates partial discharges at the defect site. 
B. PD Activity under Transient Overvoltages
In order to study the effects of the electric fields resulting from overvoltage transients on PD behaviour, test waveforms comprised of a DC voltage superimposed with a switching impulse were generated and applied to the sample. Figs. 5 and 6 illustrate the applied test voltages in combination with the resultant PD pulses under such electric fields. In case one (Fig. 5) , the steady state voltage of the applied waveform is positive DC (lower than the PD threshold of the sample), and a switching impulse of negative polarity superimposed the DC voltage that resulted in a transient polarity reversal. However, in case two (Fig. 6) , the steady state voltage is a negative DC voltage and a positive switching impulse superimposing that, resulting in a transient polarity reversal with positive polarity. In both cases, as shown in the pertinent figures, the major PD pulses occur at the rising front of the transient overvoltages. This can be explained as the effect of sharp variation of the waveform that caused sudden locally enhanced electric fields, which resulted in PD incidents within the void.
Figs. 8, and 9 illustrate the test waveforms, positive and negative DC voltages superimposed with transient impulse of the same polarities, in association with the resulting PD pulses. Comparing the PD activity in these cases with that of the DC voltages superimposed with transients of opposite polarities (Figs. 6 and 7) , it is apparent that the time needed for PD pulses to appear after the overvoltage incident is shorter for the latter (opposite polarities) with respect to the former (similar polarities). This may be explained by the effect of the field produced by the accumulated space charge: Under the same polarity incidents, the Poisson field from the space charges counteracts the Laplacian field from the applied external test voltages (DC in combination with transient overvoltages) and reduces the net field in the defect site, but under the case of DC superimposed with opposite polarities, the Poisson filed results in an increased net field leading to shorter statistical time lag for PD occurrence. 
V. CONCLUSION
The effect of transient conditions and polarity reversal were investigated on PD behaviour for a void defect, which was artificially embedded in slab of a polymeric insulation. The DC components of the test waveforms were kept below the PD inception voltage to investigate the effect of the superimposed transients only. Under the situation of normal polarity reversal, in both cases (positive to negative transition and vice versa) the results show that PD pulses started appearing as the zero crossing occurs. PD activity lasts until the voltage settles in its steady state. Similar results were observed under abnormal polarity reversal (i.e. the polarity reversal which occurs due to the occurrence of transient overvoltage with opposite polarity with respect to the operational DC voltage). PD pulses occurred mainly at the rising edge of the waveforms. According to the experimental results, partial discharges occur due to localized electric field enhancement caused by space charge accumulation at the site of non-homogeneity of the material, in this case mostly the embedded void. From an insulation analysis point of view, the data collected will provide insight for online PD monitoring systems and could help network operators to diagnose insulation defects through trend analysis of the PD activity, especially in cases where the steady state DC voltage is below the inception voltage of the defect.
